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HIGHLIGHTS 


•  Porous  graphene/activated  carbon  was  prepared  via  hydrothermal  carbonization  and  subsequent  two-step  chemical  activation. 

•  The  composites  owe  a  high  packing  density  and  has  a  specific  capacitance  of  210  F  g-1. 

•  A  high  capacity  retention  rate  of  94.7%  after  5000  cycles  can  be  achieved. 
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A  simple  method  has  been  developed  to  prepare  graphene/activated  carbon  (AC)  nanosheet  composite  as 
high-performance  electrode  material  for  supercapacitor.  Glucose  solution  containing  dispersed  graphite 
oxide  (GO)  sheets  is  hydrothermally  carbonized  to  form  a  brown  char-like  intermediate  product,  and 
finally  converts  to  porous  nanosheet  composite  by  two-step  chemical  activation  using  KOH.  In  this 
composite,  a  layer  of  porous  AC  coats  on  graphene  to  from  wrinkled  nanosheet  structure,  with  length  of 
several  micrometers  and  thickness  of  tens  of  nanometer.  The  composite  has  a  relatively  high  packing 
density  of  ~0.3  g  cm-3  and  large  specific  surface  area  of  2106  m2  g-1,  as  well  as  containing  plenty  of 
mesopores.  It  exhibits  specific  capacitance  up  to  210  F  g-1  in  aqueous  electrolyte  and  103  F  g-1  in  organic 
electrolyte,  respectively,  and  the  specific  capacitance  decreases  by  only  5.3%  after  5000  cycles.  These 
results  indicate  that  the  porous  graphene/AC  nanosheet  composite  prepared  by  hydrothermal  carbon¬ 
ization  and  chemical  activation  can  be  applied  for  high  performance  supercapacitors. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Supercapacitor  -  also  called  electrochemical  capacitor  -  is  a 
new  electrochemical  energy  storage  system  applied  for  harvesting 
energy  and  delivering  high  power  in  short  time.  Its  main  energy 
storage  mechanism  is  based  on  charging  an  electrical  double-layer 
(EDL)  at  the  electrode-electrolyte  interface  of  high  surface  area 
electrode  materials.  They  have  attracted  attention  for  a  variety  of 
applications,  especially  in  hybrid  systems  combining  with  batteries 
and  fuel  cells,  due  to  their  high  power  density,  excellent  cyclic 
stability  and  rapid  response  to  external  loading  on  a  powertrain  [1  — 
4].  Nevertheless,  the  main  disadvantage  of  supercapacitor  is  the 
relatively  low  energy  density  (5-6  Wh  kg-1  based  on  activated 
carbon,  AC),  which  is  significantly  lower  than  that  of  lithium  ion 
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rechargeable  battery  (~150  Wh  kg-1).  Therefore,  the  most 
important  issue  for  supercapacitor  research  is  to  enhance  its  energy 
density.  Many  efforts  have  been  focused  on  developing  new  kinds 
of  electrode  materials,  such  as  carbon  nanotubes  (CNTs)  [5,6], 
graphene  [7,8]  and  CNTs/graphene  hybrid  materials  [9,10],  as  well 
as  transition  metal  oxides  [11,12]  and  conductive  polymers  [13-15] 
having  pseudocapacitive  behaviors.  Unfortunately,  up  to  now  only 
AC  has  been  commercially  used  as  supercapacitor  electrode  mate¬ 
rials  due  to  its  well-developed  microstructure,  high  specific  surface 
area,  relatively  high  packing  density,  and  low  cost.  However,  their 
applications  account  for  only  a  comparatively  small  market  because 
of  its  low  energy  density.  On  the  other  hand,  the  AC  particles 
usually  have  sizes  up  to  several  tens  of  micrometers,  which  results 
in  a  long  diffusion  pathway  for  ions,  as  well  as  relatively  low  con¬ 
ductivity.  These  disadvantages  make  AC  unfavorable  in  the  process 
of  rapid  charge/discharge  and  for  the  requirement  of  excellent 
cyclability.  For  the  AC  materials,  to  enhance  surface  area  as  well  as 
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Fig.  1.  Schematic  illustration  showing  the  experimental  steps  of  preparing  porous  graphene/AC  nanosheet  composite. 


maintain  high  packing  density,  control  pore  size  distribution, 
reduce  diffusion  resistance  and  improve  conductivity  are  still 
challenging. 

Graphene  [16],  a  two-dimensional  carbon  material  consisting  of 
a  single-layer  of  sp2  hybridized  carbon  atoms,  has  been  considered 
as  an  outstanding  candidate  electrode  material  for  supercapacitors 
due  to  its  unique  properties,  such  as  exceptionally  high  specific 
surface  area  (2630  m2  g-1,  higher  than  that  of  CNTs  and  commercial 
AC,  and  major  surface  of  graphene  is  exterior  surface  readily 
accessible  by  electrolyte),  excellent  electrical  conductivity  and 
stable  chemical  properties.  Most  significantly,  the  intrinsic  capaci¬ 
tance  of  graphene  was  found  to  be  21  pF  cm-2  [17].  Thus,  the 
theoretical  value  of  graphene  is  calculated  to  be  550  F  g-1,  provided 


the  entire  surface  is  fully  utilized.  Many  works  have  been  reported 
based  on  graphene  and  modified  graphene  [18-20]  for  super¬ 
capacitors.  Unfortunately,  the  EDL  capacitance  value  measured  is 
far  lower  than  the  theoretical  one,  mainly  because  that  graphene 
sheets  have  inevitable  tendency  to  restack  themselves  during  all 
procedures  of  graphene  preparation  and  subsequent  electrode 
production.  Meanwhile,  the  low  packing  density  with  a  value  as 
low  as  0.005  g  cm-3  is  another  drawback  of  graphene.  In  the  past, 
many  works  were  interested  in  the  materials  with  high  specific 
surface  area,  and  the  specific  capacitance  per  unit  weight  is  mostly 
adopted  to  judge  the  performance  of  the  electrode  materials. 
However,  the  specific  capacitance  per  unit  volume  (Wh  L-1)  is  of 
prime  importance  for  practical  applications  as  the  space  for  the 


Fig.  2.  (a)  SEM  image  of  char-like  intermediate  product,  (b)  SEM  image  of  graphene/AC  nanosheet  composite,  (c),  (d)  TEM  images  of  graphene/AC  nanosheet  composite. 
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power  unit  is  always  limited.  The  volumetric  capacitance  is  mainly 
affected  by  the  packing  density  of  electrode  materials.  However,  it 
is  usually  difficult  to  achieve  high  volumetric  density  and  high 
surface  area  simultaneously  for  graphene  due  to  its  unique  sheet¬ 
like  morphology.  Therefore,  how  to  enhance  the  packing  density 
of  graphene  while  still  maintaining  high  surface  area  is  highly 
desirable  and  imperative. 

Hybrid  carbon  materials  as  electrode  materials,  for  example 
graphene/CNTs  composite,  have  been  reported  to  enhance  the 
electrochemical  performance.  Generally,  the  combination  of 
different  carbon  materials  with  different  structural  features  and 
physicochemical  properties  will  give  rise  to  better  performance 
comparing  with  that  of  single  component  due  to  the  synergistic 
effect  [9,21].  Inspired  by  the  above,  we  have  prepared  porous  gra¬ 
phene/AC  nanosheet  composite  via  hydrothermal  carbonization 
and  subsequent  two-step  chemical  activation  with  KOH.  In  the 
composite,  a  layer  of  porous  AC  is  coated  on  graphene  sheets,  which 
not  only  inhibits  agglomeration  and  increases  surface  area,  but  also 
enhances  packing  density.  On  the  other  hand,  integrating  graphene 
into  AC  matrix  will  notably  increase  conductivity  of  AC.  Comparing 
to  large  AC  particles,  it  is  worth  pointing  out  that  the  nanosheet 
composite  will  reduce  the  diffusion  pathway  significantly.  Results 
from  measurement  of  electrochemical  performance  suggest 
that  the  obtained  graphene/AC  nanosheet  composite  exhibits 
high  capacitance  and  excellent  cycling  stability.  The  relatively 
high  packing  density  and  good  electrochemical  performance  as 
well  as  the  low-cost  preparation  process  make  graphene/AC 
nanosheet  composites  potentially  applicable  for  high-performance 
supercapacitors. 

2.  Experimental 

2 A.  Sample  preparation 

Graphene  oxide  (GO)  powder  used  in  this  work  was  obtained  by 
chemical  exfoliation  of  natural  graphite  following  the  modified 
method  as  described  elsewhere.  The  experimental  steps  shown  in 
Fig.  1  is  similar  to  that  described  in  our  previous  work  [22].  Briefly, 
0.15  g  of  obtained  GO  powder  was  firstly  added  into  120  ml  of 
deionized  water  and  then  dispersed  by  ultrasonication  with  power 
of  300  W  for  30  min.  After  that,  6.0  g  of  urea  and  4.5  g  of  glucose 
were  added.  After  ultrasonication  for  another  30  min,  the  mixture 
was  transferred  into  a  150  ml  Teflon  autoclave  and  hydrothermally 
treated  at  180  °C  for  24  h.  After  filtering  and  washing  with  deion¬ 
ized  water  for  three  times,  the  obtained  solid  sample  was  dried  at 
80  °C  under  vacuum  for  10  h.  0.81  g  of  intermediate  product  was 
obtained. 

The  chemical  activation  was  carried  out  in  two  steps.  Firstly,  the 
intermediate  product  was  mixed  with  KOH  with  a  weight  ratio  of 
1 :4  and  was  chemically  activated  at  850  °C  for  2  h  in  Ar  atmosphere. 
The  obtained  sample  was  washed  with  15  wt.%  HC1  solution  and 
then  washed  to  neutral  with  deionized  water,  and  then  dried  at 
120  °C  for  12  h.  Secondly,  the  same  KOH  treatment  procedure 
described  above  was  applied  for  re-activation.  As  a  result,  0.25  g  of 
graphene/AC  composite  was  obtained. 

2.2.  Structural  characterizations 

The  as  prepared  samples  were  characterized  by  a  Hitachi  S-4800 
field  emission  scanning-electron  microscopy  (SEM)  and  a  FEI  Tecnai 
G2  F20  transmission  electron  microscopy  (TEM).  The  nitrogen 
sorption  isotherm  (BET)  was  recorded  by  a  Micromeritics  ASAP- 
2020  M  nitrogen  adsorption  apparatus.  Pore  size  distribution  plot 
was  obtained  by  the  Barrett-Joyner-Halenda  (BJH)  method. 
Powder  X-ray  diffraction  (XRD)  measurements  were  analyzed  by  an 


Packing  density  (g  cm'3) 

Fig.  3.  Packing  density  comparison  of  different  electrode  materials. 


AXS  D8  Advance  diffractometer  (Cu  Ka  radiation;  receiving  slit, 
0.2  mm;  scintillation  counter,  40  mA;  40  kV)  from  Bruker  Inc. 
Raman  spectroscopy  plots  were  obtained  by  a  Renishaw  inVia  Re¬ 
flex  confocal  microscopy  Raman  spectrometer  (laser  wavenumber 
532  nm). 

2.3.  Electrochemical  tests 

The  evaluation  of  electrochemical  performance  was  carried  out 
in  CR2032  coin  cells.  Both  6  M  KOH  aqueous  solution  and  1  M 
Et4NBF4/PC  were  used  as  the  electrolytes.  For  the  coin  cells  tested  in 
aqueous  solution,  the  working  electrode  contained  90  wt.  %  of 
active  material  and  10  wt.  %  of  poly(terafluoroethylene)  (PTFE).  For 
comparison,  coin  cells  using  commercial  AC  (YP-50F,  Kuraray  Co., 


20  (degree) 

Fig.  4.  XRD  patterns  of  the  pristine  GO,  char-like  intermediate  product  and  the  as- 
prepared  graphene/AC  nanosheet  composite. 
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Raman  shift  (cm'1) 


Fig.  5.  Raman  spectra  of  the  pristine  GO,  char-like  intermediate  product  and  the  as- 
prepared  graphene/AC  nanosheet  composite  at  the  wavelength  of  532  nm. 

Ltd.  packing  density  ~0.4  g  cm-3,  specific  surface  area 
~  1600  m2  g-1)  as  the  active  material  was  also  made  with  an 
electrode  composition  of  80  wt.%  AC  powder,  10  wt.%  PTFE  and 
10  wt.%  carbon  black.  The  electrochemical  performance  such  as 
cyclic  voltammetry  (CV)  and  electrochemical  impedance  spec¬ 
troscopy  (EIS)  were  characterized  by  using  a  Solartron  Instrument 
Mode  1470E  electrochemical  workstation  at  ambient  condition.  For 
the  test  in  organic  electrolyte,  10  wt.  %  of  polyvinylidene  fluoride 
(PVDF)  was  used  as  the  binder.  The  CV  curve  and  specific  capaci¬ 
tance  were  measured  under  different  scan  rates  of  0-200  mV  s-1 
between  0  and  2.5  V,  and  the  cycling  ability  was  tested  under 
100  mV  s-1  for  5000  cycles. 

3.  Results  and  discussion 

Pristine  GO  powder  was  firstly  dispersed  as  nearly  single¬ 
layered  sheets  in  glucose  solution  by  ultrasonication.  Then,  a 
brown  char-like  intermediate  product  was  achieved  by  hydro- 
thermal  carbonization,  whose  morphology  was  shown  in  Fig.  2a. 
It’s  clearly  seen  that  the  intermediate  product  still  has  the  thin- 
sheet  like  structure  similar  to  that  of  graphene,  though  severe 


aggregation  occurs.  The  relatively  larger  sheet  thickness  as  well  as 
wrinkled  and  rough  surface  suggests  that  a  layer  of  amorphous 
carbon  was  uniformly  coated  on  the  hydrothermally  reduced  GO 
sheets.  After  the  subsequent  procedure  of  two-step  chemical  acti¬ 
vation  by  the  use  of  KOFI  at  high  temperature,  the  color  of  the 
sample  became  black.  In  the  high  magnification  SEM  image,  the 
sample  exhibits  wrinkled  nanosheet  morphology,  with  thickness  of 
tens  of  nanometers  (Fig.  2b).  The  TEM  images  (Fig.  2c  and  d)  further 
clearly  indicate  that  the  KOH  activation  process  can  effectively  etch 
the  intermediate  product  to  form  porous  nanosheet  composite.  The 
packing  density  of  graphene/AC  was  measured  and  compared  with 
other  carbon  materials  as  shown  in  Fig.  3.  Graphene/AC  composite 
has  a  value  of  ~  0.3  g  cm-3,  which  is  far  more  than  that  of  graphene 
(0.005  g  cm-3)  and  activated  graphene  (0.12  g  cm-3),  close  to  that 
of  commercial  AC  (~0.4  g  cm-3).  Such  improvement  can  be 
ascribed  to  the  hybrid  structure,  in  which  a  layer  of  porous  AC  was 
coated  on  graphene  to  form  thicker  sheets  than  pure  graphene.  The 
relatively  high  packing  density  of  graphene/AC  composite  is 
beneficial  for  practical  applications. 

Fig.  4  shows  the  XRD  patterns  of  the  pristine  GO,  char-like  in¬ 
termediate  product  and  the  graphene/AC  nanosheet  composite.  GO 
shows  a  sharp  diffraction  peak  at  26  =  12.1°,  and  no  obvious  peak  at 
the  position  of  the  (002)  peak  of  graphite  (about  26°)  is  observed, 
indicating  that  the  graphite  has  been  fully  expanded.  The  d-spacing 
value  is  0.73  nm,  which  suggests  the  presence  of  oxygen-functional 
groups  for  the  basal  plane  of  the  graphene  layers  in  graphite  [23]. 
After  hydrothermal  carbonization  with  urea  for  24  h,  the  inter¬ 
mediate  product  exhibits  a  weak  and  broad  diffraction  peak  at 
26  =  25.0°  and  the  sharp  diffraction  peak  of  GO  disappeared.  The  d- 
spacing  value  significantly  decreased  to  0.35  nm,  suggesting  that 
most  oxygen-functional  groups  intercalated  into  the  interlayer 
spacing  of  graphite  were  removed  during  the  hydrothermal 
carbonization  process.  Urea  has  been  reported  as  a  reducing  agent 
for  effective  reduction  of  GO.  The  presence  of  urea  can  promote  the 
removal  of  oxygen-functional  groups  and  restore  7r-conjugation 
structure,  due  to  the  volatile  reducing  gases  produced  during  hy¬ 
drothermal  carbonization  [24].  Finally,  the  (002)  peak  of  graphene/ 
AC  nanosheet  composite  further  weakens  and  broadens,  probably 
because  the  particle  size  of  the  composite  was  reduced  during  the 
chemical  activation  process. 

Fig.  5  shows  the  Raman  spectra  of  the  pristine  GO,  char-like 
intermediate  product  and  the  graphene/AC  nanosheet  composite. 
The  Raman  spectrum  of  GO  displays  a  D-band  at  ~  1351  cm-1  and 
G-band  at  ~1602  cm-1.  The  G-band  originates  from  the  in-phase 
vibration  of  the  graphite  lattice,  while  the  D-band  mainly  comes 


Fig.  6.  (a)  Nitrogen  adsorption/desorption  isotherms  and  (b)  pore  size  distribution  curve  of  the  graphene/AC  nanosheet  composite. 


294 


C.  Zheng  et  al.  /  Journal  of  Power  Sources  258  (2014)  290-296 


from  the  structure  defects  created  by  the  attachment  of  oxygen- 
functional  groups  on  the  carbon  basal  plane.  The  intensity  ratio  of 
D-band  to  G-band  (7d//g  value)  is  0.84,  indicating  the  high  oxidation 
degree  and/or  relatively  small  domain  size.  After  hydrothermal 
carbonization,  the  D-band  and  G-band  broaden  significantly  and 
display  a  shift  to  lower  frequencies,  which  maybe  ascribe  to  the 
presence  of  amorphous  carbon  produced  during  hydrothermal 
carbonization.  The  Jd//g  ratio  was  decreased  to  0.74,  which  indicates 
considerable  recovery  of  the  conjugated  graphite  network  by 
removing  the  oxygen-functional  groups  during  this  process.  In 
addition,  the  /d//g  ratio  was  significantly  increased  to  1.32  after  KOH 
chemical  activation,  which  is  contributed  to  the  creation  of  defects 
of  the  sample.  In  this  case,  the  increased  defect  degree  is  apparently 
due  to  the  increased  ratio  of  sp3  hybridized  carbon  near  the  edges 
of  the  pores  etched  by  KOH,  as  shown  in  Fig.  2d. 

The  nitrogen  adsorption/desorption  isotherms  of  the  graphene/ 
AC  nanosheet  composite  at  77  K  and  the  corresponding  pore  size 
distribution  are  shown  in  Fig.  6.  The  isotherms  of  composite  sample 
can  be  identified  as  type  IV  according  to  the  IUPAC  classification.  A 
hysteresis  loop  could  be  observed  in  the  range  of  0.4-0.8  P  Po1, 
suggesting  the  presence  of  mesopores,  which  was  further  identified 
in  the  pore  size  distribution  profile  (Fig.  6b)  calculated  from  the 
desorption  branch  using  the  BJH  model.  The  mean  pore  size  is  2— 
4  nm.  Unlike  one-step  chemical  activation  (the  dominant  pore  is 
micropore)  [25],  two-step  chemical  activation  is  an  effective  way  to 
convert  part  of  micropores  to  mesopores.  These  mesopores  can 
facilitate  the  rapid  transport  and  migration  of  electrolyte  ions 
during  the  charge/discharge  process,  which  is  suitable  for  high-rate 
supercapacitor  with  high  power  density.  In  addition,  the  composite 
exhibits  a  BET  surface  area  of  2106  m2  g-1,  which  is  close  to  the 
theoretical  value  of  graphene  and  far  more  than  that  of  thermally 
reduced  graphene.  According  to  the  EDLC  energy  storage  mecha¬ 
nism,  the  huge  surface  area  will  allow  graphene/AC  electrode  with 
high  energy  density. 

CV  is  mostly  used  as  a  suitable  tool  to  characterize  the  capacitive 
behavior  and  to  quantify  the  specific  capacitance  of  an  electrode 
material.  Fig.  7a  shows  the  CV  curves  of  graphene/AC  nanosheet 
composite  at  different  scan  rates  ranging  from  1  to  200  mV  s_1 
within  a  potential  range  of  0-1  V  in  6  M  KOH  solution.  It  is  obvious 
that  all  of  the  CV  curves  exhibit  nearly  ideal  rectangular  shape, 
indicating  that  the  specific  capacitance  primarily  originates  from 
the  double-layer  capacitance  based  on  ions  adsorption/desorption. 
Since  the  oxygen-functional  groups  were  mostly  removed  during 
the  high  temperature  thermal  treatment,  the  contribution  of 
pseudocapacitance  is  negligible.  The  shapes  of  CV  curves  do  not 
change  remarkably  as  the  scan  rate  is  increased  from  1  to 
200  mV  s-1,  reflecting  fast  charge  transfer  within  the  composite 
material,  which  is  resulted  from  the  two-dimensional  nanosheet 
morphology  of  the  sample  along  with  suitable  pore  size.  The  spe¬ 
cific  capacitance  as  a  function  of  the  scan  rate  for  graphene/AC 
composite  and  commercial  AC  is  compared  in  Fig.  7b.  All  capaci¬ 
tance  results  were  obtained  by  CV  measurements  under  different 
scan  rates  in  the  ranges  of  0-200  mV  s-1.  The  specific  capacitance 
of  graphene/AC  composite  is  up  to  210  F  g-1  at  1  mV  s-1,  which  is 
far  higher  than  that  of  the  commercial  AC  (76  F  g  1  at  1  mV  s-1 ).  For 
both  electrodes,  further  increasing  the  scan  rate  results  in  the 
decrease  of  the  specific  capacitance  of  the  electrode,  due  to  the 
mass  transfer  limitation  of  ions  inside  electrode  material  at  high 
current  densities.  However,  at  any  scan  rate,  the  graphene/AC 
composite  electrodes  exhibited  higher  capacitance  compared  to 
commercial  AC  electrode.  The  specific  capacitance  for  graphene/AC 
composite  is  still  higher  than  100  F  g-1  at  a  high  scan  rate  of 
200  mV  s-1. 

The  EIS  analysis  is  one  of  principal  methods  to  examine  the 
fundamental  behavior  of  electrode  materials  for  supercapacitor. 
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Fig.  7.  (a)  CV  curves  of  graphene/AC  nanosheet  composite  electrode  at  different  scan 
rates  within  a  potential  range  of  0-1  V  in  6  M  KOH  aqueous  electrolyte,  (b)  the  specific 
capacitance  of  graphene/AC  nanosheet  composite  electrode  and  commercial  AC  elec¬ 
trode  at  different  scan  rates,  and  (c)  the  Nyquist  plots  of  graphene/AC  nanosheet 
composite  electrode  and  commercial  AC  electrode  (the  inset  shows  the  enlarged  EIS  at 
high  frequency  region). 


C.  Zheng  et  al.  /  Journal  of  Power  Sources  258  (2014)  290-296 


295 


0  1000  2000  3000  4000  5000 


Cycle  number 


The  Nyquist  plots  for  graphene/AC  composite  electrode  and  com¬ 
mercial  AC  electrode  are  shown  in  Fig.  7c.  Both  Nyquist  plots  are 
similar  in  form,  consisting  of  one  small  semicircle  at  high  frequency 
and  an  apparent  straight  line  in  the  low  frequency  region.  The 
appearance  of  small  semicircle  is  probably  ascribed  to  the  interface 
resistance  of  active  material/collector  and  the  resistance  between 
active  material  particles  [26].  The  almost  vertical  line  suggests 
blocking  electrode  behavior.  This  very  steep  spike  shows  the  fast 
diffusion  of  ions  in  the  solution  and  the  quick  adsorption  of  ions 
onto  the  electrode  surface.  However,  the  equivalent  series  resis¬ 
tance  (ESR,  the  intercept  at  the  Z'-axis)  of  graphene/AC  composite 
electrode  (0.49  Q)  is  lower  than  that  of  commercial  AC  electrode 
(0.89  Q).  This  result  indicates  that  graphene  introduced  into  AC  can 
significantly  improve  its  conductivity. 

In  order  to  further  test  the  performance  of  supercapacitor  based 
on  graphene/AC  nanosheet  composite  and  widen  its  application 
scopes,  we  constructed  and  measured  the  electrochemical  prop¬ 
erties  of  coin-cell  symmetrical  supercapacitor  with  commercial  1  M 
Et4NBF4/PC  as  the  electrolyte.  The  CV  testing  (Fig.  8a)  shows  rect¬ 
angular  curves  from  0  to  2.5  V  over  a  wide  range  of  scan  rates  (1  — 
200  mV  s-1).  It’s  observed  that  the  CV  shapes  are  not  seriously 
distorted  even  at  high  scan  rates,  indicating  the  porous  nanosheet 
composite  is  not  only  suitable  for  aqueous  electrolytes,  but  also 
appropriate  for  organic  electrolytes.  The  potential  window 
broadens  significantly  in  the  organic  electrolyte,  which  will  further 
promote  the  energy  density  of  graphene/AC  nanosheet  composite. 
The  energy  density  was  calculated  according  to  Equation  (1),  and 
the  power  density  was  calculated  by  dividing  the  energy  density  by 
the  discharge  time  (Equation  (2)).  The  equations  are  listed  below: 

£  =  \cu2  (1) 

P  =  (2) 

^discharge 

where  E  is  the  energy  density  (Wh  kg-1),  U  is  the  potential  (V), 
and  P  is  the  power  density  (W  kg-1).  The  Ragone  plot  of  graphene/ 
AC  composite  is  shown  in  Fig.  8b.  The  energy  density  can  reach 
22.3  Wh  kg-1  at  a  power  density  of  33.2  W  kg-1.  The  corre¬ 
sponding  volumetric  energy  density  and  power  density  are 
calculated  to  be  15.9  Wh  L  1  and  23.6  W  L-1  (estimated  based  on 
the  volume  of  active  material  layer  on  the  current  collector 
pressed  under  a  pressure  of  6  MPa),  respectively.  However,  the 
energy  density  decreases  with  increasing  power  density,  mainly 
because  the  mesopore  content  of  the  graphene/AC  nanosheet 
composite  is  not  enough.  In  contrast,  the  maximum  energy  den¬ 
sity  of  commercial  AC  is  12.5  Wh  kg-1  (11.1  Wh  L-1),  which  is 
lower  than  that  of  graphene/AC  composite.  Furthermore,  the 
commercial  AC  electrode  exhibits  lower  power  densities,  which 
mainly  ascribes  to  the  large  dense  particle  structure  of  commercial 
AC  and  its  poor  conductivity. 

The  cyclic  stability  of  supercapacitor  is  a  crucial  parameter  for  its 
practical  applications.  The  long-term  cyclic  stability  of  the  gra¬ 
phene/AC  nanosheet  composite  was  evaluated  by  repeating  the  CV 
test  between  0  and  2.5  V  at  a  scan  rate  of  100  mV  s-1  for  5000 
cycles.  The  relationship  between  capacitance  retention  ratio  and 
cycle  number  is  shown  in  Fig.  8c.  The  capacitance  only  decreases  by 
5.3%  of  the  initial  capacitance  after  5000  cycles,  and  the  shapes  of 
CV  curve  before  and  after  5000  cycles  are  almost  the  same  (Fig.  8c, 
inserted  image),  demonstrating  excellent  electrochemical  stability 
of  the  flaky  porous  composite  electrode. 


Fig.  8.  (a)  CV  curves  of  graphene/AC  nanosheet  composite  electrode  at  different  scan 
rates  within  a  potential  range  of  0-2.5  V  in  1  M  Et4NBF4/PC  solution,  (b)  the  Ragone 
plots  of  graphene/AC  composite  electrode  and  commercial  AC  electrode,  and  (c)  long¬ 


term  cycling  performance  of  the  graphene/AC  nanosheet  composite  electrode 
measured  at  100  mV  s-1. 
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In  addition,  the  packing  density  of  graphene/AC  is  near  to  that  of 
commercial  AC,  which  is  far  more  than  that  of  graphene.  Active 
materials  with  higher  volumetric  density  in  supercapacitor  elec¬ 
trode  favor  the  increase  of  high  volumetric  energy  density.  Also  due 
to  the  adjacent  appearance  density  of  the  graphene/AC  composite 
comparing  with  AC,  this  material  can  be  easily  manufactured  using 
the  current  procedures  for  commercial  AC-based  supercapacitor. 
Furthermore,  the  unique  “graphene  embedded  in  AC”  structure  can 
endure  long-term  charge/discharge  cycles.  In  comparison,  the 
composite  of  carbon  materials  with  metal  oxide  or  conductive 
polymer  usually  suffer  from  quick  fade  of  the  capacity  during  long 
cycles.  Finally,  the  hydrothermal  carbonization  method,  in  this 
work,  can  be  easily  scaled  up  and  allows  the  use  of  any  kinds  of 
soluble  carbon  precursors,  including  biomass-based  raw  materials, 
which  is  important  to  prepare  high-performance  supercapacitor 
electrode  materials  with  low  cost. 

4.  Conclusions 

In  this  paper,  porous  graphene/AC  nanosheet  composite  has 
been  fabricated  by  hydrothermal  carbonization  and  subsequent 
two-step  chemical  activation  with  KOH.  The  specific  capacitance 
based  on  composite  material  is  210  F  g_1  in  aqueous  electrolyte  and 
103  F  g  1  in  organic  electrolyte,  respectively.  The  composite  ex¬ 
hibits  a  low  ESR  and  high  ion  diffusivity,  and  the  electrode  also 
shows  excellent  cyclic  stability.  The  specific  capacitance  decreases 
by  only  5.3%  after  5000  cycles.  The  excellent  electrochemical  per¬ 
formance  is  mainly  attributed  to  the  unique  nanosheet  composite 
structure.  In  this  composite  material,  a  layer  of  porous  AC  derived 
from  glucose  coats  on  graphene,  serving  as  spacer  between  gra¬ 
phene  layers,  which  can  improve  the  dispersion  of  graphene  sheets 
and  increase  its  packing  density.  The  graphene  integrated  into  AC 
matrix  also  increase  the  conductivity  of  AC.  On  the  other  hand, 
unlike  large  AC  particles,  the  nanosheet-like  electrode  material  has 
a  short  diffusion  pathway,  which  facilitates  the  rapid  transport  of 
the  electrolyte  ions.  Therefore,  the  graphene/AC  nanosheet  com¬ 
posite  prepared  by  hydrothermal  carbonization  is  a  promising 
electrode  material  for  supercapacitor  with  high  performance. 
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